Abstract -Photochemistry and photophysics can be regarded as the natural phenomena occurring in the presence of light in the ' space-time frequency" space with the predominant function -to obtain chemical products and/or objects. In this article two critical points are developed: (i) how to set up a new photochenical reaction at the laboratory scale (feasibility stage) and then (ii) how to increase the yield of reaction, trying to reach the industrial synthesis scale. To start with it needs to be determined: what is the optimal source? which is the best reactor?
In fact, photochemistry and photophysics are two complementary young sciences. They have only got their own fields for the last decades for theoretical and technical reasons. These two sciences correspond to the description of natural phenomena in the presence of light, in the "space-time frequency" space. The purposes of these descriptions are to point out the laws hidden behind these phenomena.
Actually, the purposes of these sciences are to obtain chemical products or objects, and their developments are based on a different conceptual analysis such as technological knowledge.
In order to realize this, the modelisation of photochemical phenomena is used. The modelisation which is based on one hand on physical and chemical knowledge and mathematics on the other hand is not only an important approach for a technological development, but also needs two parallel ways of research which are : (i) the conception coming from the imagination corrected by the knowledge of the reality and of what is possible and (ii) the experiments which allow the comparison between the theory and the experimentation.
All these considerations must allow answer to the two following questions : (i) how to set up a new photochemical reaction in a laboratory (feasibility stage) and (ii) how to increase the amount of product made, trying to reach the industrial scale.
We try to show hereafter how to do it : what are the concepts and the methods to be used to reach these two aims. However if for some reactions it is possible to set up complex reactor/source systems, we have decided only to describe the basic concepts, which may seem elementary to the specialist but which from our view point need to be defined. That way, we hope that if someone wants to set up a new synthesis, he will know the limits but also the possibilities of this technology as well as he knows the other techniques.
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I HOW TO SET UP A NEW PHOTOCHEMICAL REACTION IN A LABORATORY
In contrast to classical chemistry (ground states of the molecules) photochemical reactions (excited states of the molecules) involve light as the principal reactive, which generally comes from outside the reaction medium (with an exception : chemiluminescence).
By "synthetic photochemistry", we mean any type of process which involves light to transform products into other products. Consequently, a photochemical reaction will generally associate the following units : reactives and solvents, light sources, reactor, reaction course (ref. 4) .
To set up a new photochemical reaction, the knowledge of photochemical processes already described in the literature is supposed to be known (books or annual reviews). In any case, to develop a process in a synthesis plant, photochemistry will be prefered to classical chemistry only if all the parameters playing an essential role have already been carefully studied in the laboratory. The investigation of the photochemical reaction of the compound A1 will need the four following studies 1.1.1. Absorption spectrum of the compound A The absorption spectra of the compounds must be known prior to the setting up of a photoreaction : (i) by direct irradiation : to choose the light source and (ii) by indirect irradiation : to choose the kind of the donor required and its concentration, that the donor will absorb the major part of the emitted light.
Moreover the absorption spectra give information on the nature of transitions involved by the light absorption and also on the possible associations in the ground state. Solvents and temperature effects can also give information on the nature and efficiency of electronic transitions.
1.1.2. Determination of the photophysical processes (fluorescence, phosphorescence) and the primary photochemical processes The three following points can be studied (i) nature of the emission : the emission can be a fluorescence (emission between singlet states) and/or a phosphorescence (emission from a triplet to a singlet state). Lifetimes and quantum efficiencies (f and h can be determined. Emission spectra are related to the electronic configurations of thexcited emitting states. It is important to know the values of and h because they correspond to the emitted light energies lost for the photoreaction.
( The study of the influence of the absorbed light intensity (I) on the kinetics of the phototransformation can give information on the reaction mechanism : mono or biphotonic processes, radical chain reactions (usually I)...
Structural rearrangement due to the transformation
To elucidate the reaction mechanism, it can be necessary to perform the following experiments : (i) experiments with labelled products (deuterium, 1kC. . . ), (ii) studies of the stereochemistry of the products (related to the symmetry rules), (iii) influence of different substituents on the product A1 and (iv) influence of steric factors.
In fact, a reaction mechanism only represents a possibility within several hypothesis based on validation, but never is a certainty (ref. 4).
Influence of the macroscopic parameters
The following influences can be taken into account : temperature (activation energy), solYi? (viscosity, dielectric constant, polarity, hydrogen donor, as a reactive, solvatation, ionic strength...), (ionic forms in ground and excited states), pressure (viscosity, activation volume), pj (solid, liquid, gaseous, adsorbed on a solid, matrix, supercritic fluid, interfaces...), reactant concentration (important for the dimerisations), oxygen (as a quencher, as an oxidative agent), light intensity and its profile, stirring of solutions (this can allow the solution homogeneous in instable species having short lifetimes such as free radicals), turbidity and so on.
Problems in having a photoreactor adapted to the reaction
In practice, the studies described in section 1.1. can be performed with classical light sources and batch/flow reactors (ref. 6). It can be necessary to use sufficiently low concentrations of the products to get a quasi-homogeneous absorption of the light by the absorbing substance. Moreover as well as in classical chemistry a differential reactor will be used to get uniform and well-controlled concentrations and temperature.
This situation reflecting some simple cases : A1 -A. in which A. doesn't absorb the considered wavelength (photoreduction of ketones, for exkmple) willrepresent the ideal case, easily extendable to industrial or synthesis plants. On the contrary, it might be more difficult to consider a "good reactor" for some more complex reactions as the following ones : (i) the A. formed absorb the emitted light, (ii) the photochemical reaction is a dimerisation which1 implies a high concentration of A , leading to a possible non-homogeneous absorption, (iii) the order of the reaction related o absorbed light intensity is different from one, and so on... For example, one can consider radical chain photochlorations, for which kinetics are so fast that they are limited by transport processes of chlorine (ref. 7) . One can also consider another reaction, studied by our group, for its potential application in brewery : the phototransformation of hop products, i.e. the photoisomerisation of humulone (a-acid, A1) into trans-iso-humulone (iso-a-acid, A2).
Here we will use this reaction as an typical example to show the influence of reactive
Here also the purpose of stirring is not to get homogeneous concentrations of the transient species (electronic excited states, free radicals, ...) but of the molecular reactives.
If the absorption of the light by A1 is not homogeneous, then Fig. 1 represents the variations of local concentrations of A2 as a function of time and distance between this point and the entrance of the light into the reactor. Close to the entrance, one observes that the formation of A2 which leads to photoproducts, caused by the lack of stirring.
Subsequently, wrong conclusions relative to the kinetics and mechanims could be made in such a case if this phenomenon is not taken into account. 
HOW TO DEVELOP PHOTOCHEMICAL SYNTHESIS
The study presented in section 1 represents a reaction at its beginning, at low conversion yields. On the contrary, reactions for synthesis require high conversion yield with a good selectivity. Moreover, it will be useful to take economical factors into account such as the reactor cost, the product prices and so on (ref. ii). First the absorption spectra of photoproducts formed have to be studied. If there is no overlap between them and the absorption spectrum of the initial reactants, no internal filtering effect will happen. On the contrary, photoproducts can absorb the light, be photodegradable or react as sensitizer. In all these cases, they could lower the absorption by the reactants. So if A. is a photoreactive product, one must consider the experimental conditions described in section 1 and then study the effect of A. on the photochemical reaction.
In fact for each photochemical process one wants to develop, one carefully has to choose the source(s) and the reactor and then to decide the more appropriate reaction conditions.
The sources
There are now three well known types of sources with different spectral characteristics (i) the sun which is the oldest source, with some properties of stigmatism and which has a continuous spectrum, (ii) the lamps with continuous or lines spectra, stigmatic or not, and (iii) the lasers which are often monochromatic and stigmatic.
These sources, so called primary sources can be associated with optical filters which limit their spectra. Moreover it is possible to take into account another property of some light sources which is their temporal resolution, Viz, allows "non-stationnary" experiments which is a particularly promising way (i.e. multi-photonic processes).
Reactors and photochemical engineering
In principle, when the reactor is not already imposed, its nature, shape and use have to be computed, according to its required size. This size (from several inches to several yards) implies not only the choice of the lamp, but also all the involved transport processes.
These reactors can be batch, plug flow or perfectly stirred types, with any combination of these "ideal" reactors such as gas-liquid reactors (Fig. 2) .
Their shapes in connection with the light absorption profile can allow different selectivities and an optimal use of the excitation light. This is in fact photochemical engineering, which can be defined as the method used to optimize a photochemical reaction, first the design of the reactor (type, size...) and then the optimal reaction course itself. Everybody knows that the description of the reactive system and the reactor by a mathematical model is necessary to solve the problems. In photochemical engineering, the reactor will need a uniform distribution of the light and this condition is not easy to realize. It is then necessary to know the transport properties of the reactants in the Finally, when these data are added to the reactive medium on a macroscopic scale (macromixing) due to the natural or forced stirring and to the fluids flows, a global mathematical model of the reactor will be obtained.
If one is interested in a local model, which will allow to compute the evolution of the reactive medium in every point, to the three balances of "classical" chemical reactors (matter, thermomechanical energy and momentum) a fourth one i.e. photonic energy has to be added (ref. 6, 12) . The four equations can be written as follows 
However difficulties can arise from the strong coupling existing between the mass and the radiant energy balances : the light intensity profile depends on the concentrations of the reactants and products (through absorption coefficients) and the concentrations in their turn depend on the rate reactions, i.e. on the light intensity. It is the typical description of a retroactive feedback (ref. 13 ). In classical reactors, such a coupling already exists between mass and heat balances, due to the rate reactions sensitivity to temperature, i.e. the thermal effects of these reactions. In a photochemical reactor a new coupling has to be added : so it has to be expected that these crossed couplings will induce instability phenomena (especially in the case of exothermic chain reactions) and difficulties to control the reactor ; a study which has still to be done.
The logical way of action in photochemical synthesis
If the problems defined in section 1 are supposed to be solved, how does a chemist work if he wants to produce several grams of a product via a photochemical process?
Several situations may occur depending on his aims, how much time he wants to spend on this problem and what are the means he has and the one that are needed. In fact the only true question is what is the best : a reactor that is either extremely well adapted to one reaction or that is very easy to modify (flexibility). To our mind, there is no obvious answer to this important question. Moreover the type of reaction involved which can either be very simple (A1 > A2)
or on the contrary very complex (A. -> A.)
(non-monomolecular reactions, and so on) must have an important role in the design of the source-reactor apparatus. Sometimes, it can be necessary (excluding some sort of scientific 'fashionable behavior) to use expensive light sources such as lasers, which lead to sources-reactors systems much more difficult to set up.
In these circumstances, it does not seem possible to us to suggest a general type of action to resolve most of the problems arising in synthetic photochemistry.
Nethertheless, in some cases interesting from the view point of synthesis, we showed that it is possible to define criteria to choose the photoreactors which lead to technological innovations.
As an example, we have choosen relatively complex monomolecular reactions such as A.
A. 
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As an example, in Fig. 3 These variations of vs A have been experimentally checked (Fig. 4) and there is a good agreement between the computed and experimental values.
A new type of reactor
The study of the influence of macroscopic factors on the system (see 1.1.4.) led us to study the influence of the viscosity of the reaction medium on the complete phototransformation of A1 (transparency of A2, A3...).
The humulone photoisomerization can be explained by an oxa-di-r-methane reaction (ref. 15) via the rotation of an isopropylidene group. Since this rotation occurs during the lifetime of transient species, this reaction requires the solvent cooperativity.
So the diffusional mechanism that we have developed points out the interest of a low viscosity solvent (ref. 11). This observation led us to develop a new type of photoreactor in which we used critical fluids which have a very low viscosity. This reactor (Fig. 5 ) was associated with a dipped lamp, which allows an efficient use of the emitted photons.
Use of several excitation wavelengths in a plug flow reactor
To produce compounds in small quantities (laboratory scale), it is always possible to use a quasi-monochromatic light, which generally needs a long irradiation time. That is what we did in the photoreaction of hop extracts (humulone). So the use of one radiation only 313, 365 or 405 nm provided by a filtered mercury vapor lamp respectively led to an optimal yield of reaction of 0.72, 0.95 and practically 1 respectively. In these conditions, considering the high cost of the reactants, it seems better to use the longer wavelengths of the lamp (365 and 405 nm) only.
However, because of the low quantum yield of the photoreaction ( = 0.02) we were interested in using the photons emitted by an industrial mercury vapor lamp in the best, most economical way. Moreover, at the beginning of the reaction, the concentration of iso-ct-acids is so low that their absorption at 313 nm and consequently their photodegradation is negligible. In these conditions, it is possible to realize the reaction more rapidly than with the only use of 365 and 405 nm lines. Then at larger conversion yield, the photodegradation of iso-a-acids occurs by the 313 nm line. We shall discuss further down the stepwise transmittance filtering as shown in Fig. 6 . In a stirred reactor, as shown in Fig. 8 , the maximum yield of the photoisomerization of ct-acids into iso-ct-acids can only be reached if only one wavelength is used. Consequently this type of reactor is unsuitable. iso ct a A2 X A3).
3.5 Which type of reactor to choose? During this study of the photoisomerization of hop ct-acids, we have thought that cutting off some wavelengths could influence the reaction, which was true. However, if this concept wants to be applied on an industrial scale, the choice of the reactor has to be carefully done. In Table 1 , we have summed up the main advantages and disadvantages of some different possible systems. respectively. In Fig. 7a is drawct the simulation resulting from the model previously . low yield production only one wavelength must be used So, as long as laboratory, i.e. small quantities (a few grams) of a product are required, a batch reactor can be used. The same type of reactor can also be used in an industrial plant.
Thanks to the example that we presented in this paper, we have shown that it is possible to use almost any type of lamps or of reactors and that only technological and economical considerations will be the constraints to introduce in the optimization of the system.
CONCLUSION
After having defined what are the criteria to follow to have maximum of chances to produce a compound in a laboratory by a photochemical reaction, we have suggested that it is often possible to use classical reactors to develop a photochemical process, but the conditions are usually far from the optimum. If technological and economical considerations have to be taken into account (such as in the example of the photoisomerization of hop products), we have shown that it was possible to use reactors leading at the same time to a larger rate of the reaction and to a better use of the photons emitted by a light source. This kind of development could indeed be done for other examples of photoreactions.
These data clearly show that for each photoreaction it should be possible to develop an optimal reaction course and consequently an adaptated reactor. It also seems difficult to realize a simple reactor adaptable enough to be used for all the photoreactions.
Moreover photochemical engineering which was quickly mentionned here is still a broadly wide open field in which numerous fundamental problems have to be solved.
Our researches on photoreactions of industrial interest led us to contribute to this discipline, by developing new reactors and other innovative technologies, such as the use of fluorescent filtering, the use of optical fibers between the source and the reactor and the automatization of the processes.
